Computed tomography (CT) has evolved into a powerful diagnostic tool, and it is impossible to imagine current clinical practice without CT imaging. Because of its widespread availability, ease of clinical application, superb sensitivity for the detection of coronary artery disease, and noninvasive nature, CT has become a valuable tool within the armamentarium of cardiologists. In the past few years, numerous technological advances in CT have occurred, including dual-energy CT, spectral CT, and CT-based molecular imaging. By harnessing the advances in technology, cardiac CT has advanced beyond the mere evaluation of coronary stenosis to an imaging tool that permits accurate plaque characterization, assessment of myocardial perfusion, and even probing of molecular processes that are involved in 
In the past few years, numerous technological advances in CT have occurred, including dual-energy computed tomography (DECT), spectral CT, and CT-based molecular imaging. Early studies of these methods have been largely promising and shown improved cardiac and coronary evaluation. An understanding of these advanced CT principles is required to fully appreciate the promise of the applicability of these technologies for the evaluation of patients with cardiac and coronary disease.
THE PRINCIPLES OF DECT
Improvements in CT, although rapid in recent years, are nevertheless constrained by the physical principles underlying this technology, which are a function of x-ray attenuation detected from multiple orientations around an imaged object. In a basic sense, these principles are generally 2-fold and include the photoelectric and Compton effects when considering x-ray photons within the diagnostic energy range ( Figure 1 ). The former is highly dependent on the photon energy level and is related to the atomic number and photon energy level, whereas the latter is independent of the photon energy level but rather related to material density. For a proper grasp of the advances in DECT and spectral CT, a basic understanding of these principles is required.
The photoelectric effect is the ejection of an electron from the innermost shell of an atom (the K shell) by a photon with a greater energy than the binding energy of the K shell. As a result, the total energy of any incoming photon is absorbed ( Figure 1) . The binding energy of electrons in the K shell is material specific and is proportional to the atomic number (Z).
For a given photon energy, the photoelectric effect scales on a magnitude order of Z 3 . However, this does not imply that an element with Z ¼ 100 yields an 8
times greater attenuation than a material with Z ¼ 50.
This can be explained by the spike in attenuation seen related to a maximal photoelectric effect (the K edge), which occurs when the photon energy level is just greater than the electron binding energy of the K shell of an atom. The K-edge value varies for each material and is higher with increasing atomic numbers. Paradoxically, the photoelectric effect is maximal at the K edge of the absorber and is reduced with increasing photon energy levels, inversely proportional to the photon energy cubed (1/E 3 ). Therefore, the probability of the photoelectric effect is dependent on both the atomic number and the photon energy level according to Z 3 /E 3 .
The Compton effect is the collision of photons with valence electrons of the outermost shell of an atom.
In contrast to the photoelectric effect, the energy of the incoming photon is not totally absorbed, giving 
Danad et al. Note the attenuation peak of iodine (Z ¼ 53) at 33 keV. This peak represents the K edge of iodine.
Danad et al. It has been posited that DECT may overcome these limitations because of its capability for tissue decomposition, although early results have been mixed. CT attenuation-based characterization of noncalcified plaques using DECT was examined in an ex vivo study of 15 human arteries, with discriminatory improvement with DECT over conventional SECT (24) . In contrast, in a small prospective study of patients undergoing intravascular ultrasound and CT, DECT had similar sensitivity compared with SECT (45% vs. 39%, respectively) for necrotic core detection (25) . Even when using post-mortem samples,
in which image quality is not governed by body habitus or motion, DECT misclassified 21% of noncalcified plaques (26) .
The mixed findings observed to date may be due to an array of issues, including scanning protocols as well as DECT image visualization. As indicated earlier, DECT may allow both monochromatic energy imaging as well as material basis decomposition. To date, the exact energy and/or material basis pair that optimizes plaque visualization has not been systematically evaluated. Future studies will be required to determine the proper methods for plaque characterization by this emerging technology.
MINIMIZING IMAGE ARTIFACTS USING DUAL-ENERGY COMPUTED TOMOGRAPHY
Image quality is particularly challenging when it comes to a moving organ such as the heart. Sufficient diagnostic image quality is highly dependent on the patient's heart rate. Therefore, heart rate control is mandatory when performing CT-based coronary angiography. Alternatively, dual-source CT is less Danad et al.
New Application of Cardiac CT susceptible to artifacts as a result of high or irregular heart rates, because of its high temporal resolution.
Scheffel et al. (27) demonstrated dual-source CT to provide high diagnostic accuracy for the detection of coronary artery disease in patients with extensive calcifications (50% had Agatston scores >400) and without heart rate control, a population that is often considered challenging for conventional coronary CTA. Additionally, in a recent meta-analysis, dualsource CT in patients with atrial fibrillation yielded similar diagnostic value as standard coronary CTA in patients with stable and regular heart rates (28).
The improved performance of dual-source CT in this specific population is attributable to the high temporal resolution of dual-source CT (66 to 75 ms), which allows fewer motion artifacts to occur (28) . this mode is that the image data of the entire heart need to be acquired during the diastasis of 1 heartbeat. Consequently, with the second-generation, dual-source devices (acquisition speed 458 mm/s and temporal resolution of 75 ms at a gantry rotation time of 282 ms), coverage of the entire heart (w12 cm) typically requires 250 ms. Therefore, the high-pitch mode is restricted to patients with low (<65 beats/min) and regular heart rates to match the required long image acquisition window (48) (49) (50) (51) (52) 55) .
Recently, pilot studies demonstrated the feasibility of high-pitch coronary examinations using thirdgeneration dual-source CT devices (acquisition speed 737 mm/s and temporal resolution of 66 ms owing to a gantry rotation time of 250 ms) to obtain good-quality images at heart rates up to 75 beats/min with submillisievert radiation dose (53, 56) . In addition, the diagnostic performance of submillisievert coronary CTA is high, using invasive coronary angiography as a reference, despite the low radiation dose delivered to patients (59) . By harnessing the advantages of dual-source CT devices combined with low-voltage imaging and iterative image reconstructions, the radiation dose of a coronary CT study is only a fraction of 1 mSv, which is comparable with the dose of a mammogram (0.4 mSv).
Another application of DECT for further radiation dose reduction is the generation of virtual unenhanced (VUE) images through the use of postimaging reconstructions that are unique to DECT.
These VUE images are generated from contrastenhanced scans by virtual iodine subtraction using 3-material decomposition algorithms and may replace true contrast-enhanced scans (60, 61) . Subsequently, coronary artery calcium (CAC) scoring and standard contrast coronary CTA can all be gleaned from a single scan, obviating the need for separate noncontrast CAC scoring CT. In this way, scan acquisition time, costs, and radiation to the patient may be decreased. Several studies have already demonstrated the feasibility of CAC scoring using VUE imaging by showing good agreement of the CAC score derived from VUE images with true noncontrast CACscoring scans. Yamada et al. (62) revealed that DECT coronary angiography using VUE technology for calcium scoring resulted in a 20% dose reduction compared with conventional coronary CTA with a prior separate noncontrast CAC scan, while in a recently published study, an average dose reduction of 51% was seen by replacing separate CAC-scoring scans by VUE imaging for quantification of coronary calcium deposits (63) . Although promising, the technique is still in its infancy, and further validation and more sophisticated correction algorithms (75) .
New Application of Cardiac CT are warranted to avoid underestimation of CAC burden by incorrect subtraction of calcium contentmimicking iodine contrast agents.
IODINATED CONTRAST DOSE REQUIREMENTS
Contrast-enhanced CT bears the risk of inducing an acute deterioration in renal function, particularly in patients with pre-existing kidney disease. Although the incidence of contrast-induced nephropathy is low, it is associated with significant morbidity and even death (64) . However, lowering contrast volume comes at the cost of lower image quality due to impaired contrast-to-noise and signal-to-noise ratios (65) .
Nonetheless, previous studies have observed increased conspicuity of iodine-based contrast agents achieved with low tube voltage, while facilitating reductions in iodine load and radiation dose (30, 66, 67) . (69, 70) . This is due to a number of reasons, including longer circulatory half-lives, obviating the need for repeated injections, and modifiable properties that offer tissue specificity (71) (72) (73) (74) (75) (76) .
One of the nanoparticle CT contrast agents with promising preliminary results is compound N1177. This is a suspension composed of crystalline iodinated particles dispersed with surfactant and has high affinity for activated macrophages (77) . Upon injection, increased densities of N1177 contrast are detectable in atherosclerotic plaques that correspond to macrophage infiltration in post-mortem samples (77) .
Referenced against a histopathologic reference standard, N1177 demonstrates high affinity for aortic atherosclerosis in animal models and high correlation to fluorodeoxyglucose uptake, a known surrogate marker for macrophage density (78) . In a related study by Cormode et al. (76) , a gold-core high-density lipoprotein particle targeted at macrophages was found to accumulate in atherosclerotic plaques in the aorta walls of a mouse model as detected by micro-CT. The lower energy photons of the spectrum are almost totally absorbed by surrounding tissues, rendering K-edge imaging using iodine contrast agents a challenging task.
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